The absorption and fluorescence spectra, fluorescence quantum yields and lifetimes, and fluorescence rate constants (k f ) of 2-amino-3-(2 -benzoxazolyl)quinoline (I), 2-amino-3-(2 -benzothiazolyl)quinoline (II), 2-amino-3-(2 -methoxybenzothiazolyl)-quinoline (III), 2-amino-3-(2 -benzothiazolyl)benzoquinoline (IV) at different temperatures have been measured. The shortwavelength shift of fluorescence spectra of compounds studied (23-49 nm in ethanol) as the temperature decreases (the solvent viscosity increases) points out that the excited-state relaxation process takes place. The rate of this process depends essentially on the solvent viscosity, but not the solvent polarity. The essential increasing of fluorescence rate constant k f (up to about 7 times) as the solvent viscosity increases proves the existence of excited-state structural relaxation consisting in the mutual internal rotation of molecular fragments of aminoquinolines studied, followed by the solvent orientational relaxation.
INTRODUCTION
The excited-state intramolecular proton transfer (ESIPT) reaction is one among few known primary photochemical processes which result in the appearance of abnormally high Stokes' shifted fluorescence of organic molecules. The main requirement of this process is the presence of intramolecular hydrogen bonding between the acidic and the basic moieties of the molecule in the ground state. Upon excitation to the first singlet state, the charge densities on these centers are changed, thereby drastically altering the acidic and basic properties of these groups and thus leading to intramolecular proton transfer. The acidic groups are in general −OH and NH 2 , and the basic groups are =N− and >C=O. Thus phototautomerizm could be keto-enol or amine-imine tautomerization [1] .
Recently, we have found the existence of ESIPT in Nprotonated 2-amino-3-(2 -benzothiazolyl)quinoline cation in ethanol [2] . The investigation of ESIPT in this cation has shown that the fluorescence quantum yield and fluorescence lifetime of the hydrogen bonded form without the proton transfer (A) in ethanol increase essentially as the temperature decreases (the solvent viscosity increases). The fluorescence characteristics of the hydrogen bonded form with proton transfer (B) are changed insignificantly at the temperature decreasing. It points out that some excited-state deactivation process existing in form A is inhibited at the temperature decreasing. It is interesting to elucidate the nature of this deactivation process and to establish the regularities of this process. The study of fluorescence behavior of nonprotonated aminoquinolines of similar structure may help to solve this problem. For this purpose at the present paper, such investigation was made for four derivatives of related aminoquinolines. The absorption and fluorescence spectra, the fluorescence quantum yields and fluorescence lifetimes and of 2-amino-3-(2 -benzothiazolyl)quinoline (I), 2-amino-3-(2 -benzothiazolyl)quinoline (II), 2-amino-3-(2 -methoxybenzothiazolyl)quinoline (III), 2-amino-3-(2 -benzothiazolyl)-benzothiazolyl (IV) at different temperatures in ethanol have been measured.
EXPERIMENTAL
2-amino-3-(2 -benzoxazolyl)quinoline (I), 2-amino-3-(2 -benzothiazolyl)quinoline (II), 2-amino-3-(2 -methoxybenzothiazolyl)quinoline (III), 2-amino-3-(2 -benzothiazolyl)-benzoquinoline (IV) were kindly provided by Professor E. Daltrozzo (Konstanz University, Germany). Solvents usedheptane, dioxane, toluene, tetrahydrofuran, ethylacetate, acetone, ethanol, acetonitrile, butyronitrile, dimethylformamide, glycerol, and dimethylsulfoxide-were purified according to methods known [3] . The absorption spectra were registered by Shimadzu UV-3100 spectrophotometer, and the fluorescence spectra by Elyumin 2M spectrofluorimeter. The fluorescence quantum yields were measured by comparison of the areas under the corrected fluorescence spectra of [4] . The optical densities of the solutions investigated were in the range 0.2-0.4 at the excitation wavelength. The fluorescence quantum yields at different temperatures were corrected with respect to the absorption spectra of solutions at the same temperatures. The optical cryostat with liquid nitrogen vapor cooling was used for absorption and fluorescence spectral and kinetic measurements in the range 77-295 K. The fluorescence kinetics was registered by SP-70 nanoseconds spectrometer by the method of time-correlated counting of single photons with excitation by air-filled flash lamp radiation (excitation pulse duration 0.8 ns, registration channel width 0.054 ns). The decay times were fitted using the iterative deconvolution procedure which allowed a time resolution down to 0.1 ns and an accuracy of the fluorescence lifetime determination not more than 0.3 ns. The fluorescence rate constants k f have been calculated by Strickler-Berg formula [5] to compare them with experimental data
where n is the solvent refraction index, I is the fluorescence intensity, and ε is the extinction coefficient of the absorption. The conformation analysis was carried out by AM1, dipole moments in the ground and excited-states were calculated by AM1 (HyperChem TM , Release 7.52 for Windows, Hypercube, Inc.). The dipole moments in the excited-state were determined by Bakhshiev's method [6] taking into consideration the change of dipole moment direction at the excitation. here,
shift, ε denotes solvent dielectric constant, and n denotes solvent refraction index. The parameters C 2 , ΔC a− f are equal,
e − 2μ g μ e cos α ,
here, h denotes Planck's constant, c denotes the light velocity, r denotes Onsager's radius, μ g , μ e denote the dipole moments at the ground and excited-states, and α denotes the angle between μ g and μ e , μ e = μ g − C 2 hcr 3 ,
RESULTS AND DISCUSSION
The absorption spectra of I-IV do not depend on the solvent polarity, but the fluorescence spectra of these compounds in various solvents are shifted to longwavelength region as the solvent dielectric constant increases. It points out that the solvent orientational relaxation takes place because of charge redistribution in excited fluorophor molecule. μ g , μ e , and α calculated by method AM1 and determined from spectral data by Bakhshiev's method are given in Table 1 . It is seen from Table 1 that the values of μ e from spectral data are higher than those calculated by AM1 method. It can be caused by the existence of other excited-state relaxation processes (structural relaxation) resulting in the additional spectral displacement and higher μ e values determined by Bakhshiev's method. The measurements of spectral characteristics at low temperatures give the additional information on the excited relaxation processes. The absorption spectra of compounds I-IV in ethanol are shifted to longwavelength region as the temperature decreases. (Figure 1 , Table 2 ). Similar results have been obtained for III in butyronitrile and methylcyclohexane. The shift of absorption spectra for these temperatures is equal to 8-10 nm. Similar effect was obtained early for 2-pyridyl-5-aryloxazoles in ethanol [7] .
The fluorescence spectra of I-IV (Figures 2-5 ) are shifted to shortwavelength region and fluorescence quantum yield increases as the temperature of the ethanol solution decreases. It points out that the excited-state relaxation process takes place. The rate of this process is determined by the medium properties, changing at the decreasing of the temperature. It is known that the viscosity [8] and polarity [9] of ethanol increase as the temperature decreases. If the position of the fluorescence spectra of compounds I-IV is determined only by the solvent polarity, the longwavelength shift of the fluorescence spectrum should be observed at the temperature decreasing. Therefore the observed shortwave- length shift of fluorescence spectra of compounds studied at the temperature decreasing is caused by the increasing of the ethanol viscosity but not the solvent polarity. The shortwavelength shift of fluorescence spectra of I-IV at the temperature decreasing (at the increasing of the solvent viscosity) points out that the rate of the relaxation process depends essentially on the viscosity. Therefore, it can be concluded that this process is caused either by The fluorescence spectrum shift to shortwavelength region at the temperature decreasing is the consequence of the inhibition of the solvent orientational relaxation, resulting from the change of the dipole moment of fluorophor molecule at the excitation.
The dependence of the fluorescence rate constant k f on the temperature can give an important information about the relaxation process mechanism. If the relaxation process is associated with a mutual rotation of fluorophor molecular fragments, resulting in another molecular structure, then k f of relaxed and nonrelaxed states should differ significantly [10] . At the solvent relaxation, the molecular structure is changed insignificantly; therefore in this case k f of relaxed and nonrelaxed states should not differ considerably. We have determined the excited-state lifetimes and fluorescence quantum yields at corresponding temperatures for k f calculation, k f = ϕ f /τ f . The fluorescence kinetics was registered at the wavelength which corresponds to the fluorescence spectral maximum at a given temperature. The dependence of k f on the temperature for I-IV is given in Figure 6 .
The existence of structural relaxation is also supported by the great difference of k 77 f /k 298 f calculated by StricklerBerg formula and this value, determined from the experimental data ϕ f and τ f . The first one is equal to 1.4, the second one is equal to 3.9. The quantum chemistry calculations give additional support of structural relaxation. The analysis of conformations with different torsion angles between quinolyl and thiazolyl (oxazolyl) rings has shown that in the ground-state nonplanar conformations with the angles 23, 58, 59, 63 degrees are most favourable for I, II, III, IV, respectively, but in the excited-state, planar ones are. It is interesting that the least value of k 77 f /k 298 f and the least rotation angle for I correspond to the best agreement of excited-state dipole moments determined from the spectral data and calculated by AM1 method.
The values of k f at intermediate temperatures are effective ones and they have no physical meaning. The essential difference of k f for relaxed (final) and nonrelaxed (initial) forms proves the existence of excited-state structural relaxation in aminoquinolines studied consisting in the mutual rotation of quinolyl and thiazolyl (oxazolyl) fragments followed by the solvent orientation relaxation. We believe that such processes can be valid for the form without proton transfer in N-protonated 2-amino-3-(2 -benzothiazolyl)quinoline cation [2] and can cause the fluorescence quantum yield increasing of this form at the temperature decreasing.
CONCLUSION
The data resulting from the investigation of fluorescence spectra and fluorescence kinetics of 2-amino-3-(2 -benzoxazolyl)quinoline, 2-amino-3-(2 -benzothiazolyl)quinoline, 2-amino-3-(2 -methoxybenzothiazolyl)quinoline, and 2-amino-3-(2 -benzothiazolyl)benzoquinoline in ethanol at different temperatures show the existence of excited-state structural relaxation consisting in the mutual rotation of quinolyl and thiazolyl (oxazolyl) fragments followed by the solvent orientation relaxation. The rates of these processes are determined by the temperature-dependent viscosity of the medium.
